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Abstract. COST Action ES1207, EuBrewNet, was proposed
to coordinate Brewer spectrophotometer measurements of
ozone, spectral UV and aerosol optical depth (AOD-UV) in
the UV within Europe, and unite the ozone, UV and AOD
communities, through a formally managed European Brewer
Network capable of delivering a consistent, spatially ho-
mogeneous European data resource. With emphasis on the
ozone measurements, an overview is given of new calibra-
tion and instrument characterization procedures, which are
then incorporated into new algorithms for the determination
of total column ozone taking account of non-linearities and
stray light effects within the spectrometer. A new near real
time database is described where all raw data are processed
centrally and subjected to the same quality control criteria.
Data products are produced in levels that reflect the stages
of quality control applied from initial near real time to final
archive quality for trend analysis. Work is ongoing to com-
plete similar procedures for the UV and AOD-UV data prod-
ucts. Governance of the new network, which has already ex-
panded beyond the boundaries of Europe, will be overseen
directly by the WMO Scientific Advisory Groups.
1 Introduction
Although our knowledge and understanding of the processes
and reactions that affect ozone concentrations in the strato-
sphere have grown significantly in recent years, there are
still uncertainties in the predictions of future trends and the
quantification of the effects of policy measures to protect the
ozone layer. There is also a growing recognition that the is-
sues of stratospheric ozone depletion and of climate change
are closely linked (Hossaini et al., 2015; McKenzie et al.,
2011) and that climate change will influence the recovery
of the ozone layer (see also: WMO/UNEP Scientific Assess-
ments of Ozone, https://www.esrl.noaa.gov/csd/assessments/
ozone/, last access: 10 July 2018; United Nations Environ-
ment Programme, Environmental Effects Assessment Panel,
2010). Therefore, long-term monitoring continues to be es-
sential to provide the necessary feedback into predictions on
the recovery of the stratosphere.
The unprecedented depletion of the Arctic ozone layer in
spring 2011 (Manney et al., 2011) served as a stark reminder
that, 24 years after the Montreal Protocol, our understand-
ing of global and local trends in stratospheric ozone (Chip-
perfield et al., 2017; Weber et al., 2018) is still important.
The corresponding significant increases in UV radiation over
large areas of northern Europe were clearly cause for con-
cern. In addition to ozone, aerosols and clouds affect the UV
radiation and usefully accurate forecasts also must take ac-
count of these factors. The challenge remains to improve the
accuracy and understanding of the relationships between UV
radiation, ozone, clouds and aerosols. Furthermore, although
the ozone variations have been considered mainly for their
effect on the ultraviolet radiation, it should be kept in mind
that ozone, even if in a small abundance in the atmosphere,
plays a key role in the energy balance of the planet through
its involvement in radiative processes. Ozone changes may
have lasting consequences within the climate system.
While satellites are routinely used to retrieve atmospheric
data products, their accuracy is underpinned by ground sta-
tion measurements. Once launched, drifts in calibration or
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errors due to snow or cloud albedo, can only be detected by
comparison with ground station data. Spectral UV irradiance
products derived from satellite instruments are entirely es-
timated, based on radiative transfer models and the retrieved
total ozone column (TOC), and they are far from representing
the actual radiation field at a specific ground location (Zem-
pila et al., 2016), particularly under cloudy conditions or at
heavily polluted environments. As is particularly true when-
ever long-term trends are of interest, the fundamental respon-
sibility to define the limits of accuracy therefore rests with
the ground station instruments.
The fully automated Brewer spectrophotometer (Kerr et
al., 1985; Brewer MKIII Operator’s Manual, 2015) is slowly
supplanting its predecessor, the Dobson ozone spectropho-
tometer, has provided high quality TOC data for more than
30 years and is now deployed at most of the ground based
TOC monitoring stations in Europe. It is also capable of mea-
surements of ozone vertical profiles (Umkehr method), spec-
tral UV radiation and aerosol optical depth in the UV (AOD-
UV), as well as columns of other trace constituents such as
sulfur dioxide and nitrogen dioxide. There are over two hun-
dred Brewers deployed throughout the world, independently
operated by national agencies, of which around fifty are lo-
cated within Europe (some since the early 1980s). This rep-
resents not only a significant proportion of the total global
monitoring effort, but also an extremely valuable resource
of co-located TOC, UV and AOD-UV measurements which
was previously being considerably underused due to the lack
of coordination and harmonization between the respective
agencies. The co-location of these measurements is crucial
for providing consistent data for research into radiative trans-
fer and forecasting models’ however, any operational dispar-
ity serves to severely restrict the overall utility. The aim of
COST Action ES1207 was to facilitate the harmonization of
procedures and therefore provide spatially consistent data.
Disparity arises since each station may pursue differing
measurement schedules which may not contribute to a co-
ordinated outcome. Furthermore, data processing methods
vary such that different agencies may arrive at different re-
sults from the same raw data file which in some cases may
exceed the 1 % level of accuracy which is currently sought.
Effects of instrument characteristics on the derived products
may be handled differently if, indeed, they are handled at
all and quality control methods also vary from site to site.
For example, any slowly varying change in the instrument
spectral response would lead to a “false” trend in the data
over time or stray light effects in single spectrometer Brew-
ers would cause highly significant errors in daily mean values
unless measurements were restricted to low air mass factors.
In addition, there have been no protocols to govern updates
to software or experimentally determined physical constants.
Although the Regional Brewer Calibration Centre – Europe
(RBCC-E) has been in place providing support for a first gen-
eration (derived from stable atmosphere Langley plots rather
than transfer) calibrated Brewer reference triad on TOC for
several years, there are no mandatory and clear protocols for
frequency and retro-application of calibration data. The well-
reputed services of the World Ultraviolet Calibration Centre
(WUVCC) have also been underused, with too few stations
participating to guarantee the homogeneity of time series on
spectral UV. In short, there has been no formal European
Brewer network and related regional data base capable of
providing spatially consistent data to a high degree of ac-
curacy with a common scale of quality assurance. This is not
to say that previous Brewer data cannot be trusted for serious
scientific study. In fact, the majority of measurement stations
have been providing high quality data for many years and the
more experienced operatives have been quick to offer assis-
tance to the less well versed or newly set up observatories,
particularly in the developing world (e.g. the WMO/GAW
Brewer Users Group workshops organized by Environment
Canada). EuBrewNet is a first step in trying to bring every-
thing into alignment as more exacting demands are placed on
our data analysis.
2 Characterization and calibrations
The first step in ensuring consistency is to set standards
for observational quality. Individual instruments must there-
fore be characterized to establish how component charac-
teristics, e.g. slit function (measured directly using Hg and
Cd sources), wavelength calibration (Redondas et al., 2014b,
2018a), photomultiplier tube (PMT) linearity (Fountoulakis
et al., 2016), spectral responsivity, temperature dependence
(Berjón et al., 2018; Fountoulakis, 2017), stray light (Karp-
pinen et al., 2015; Pulli et al. 2016; Redondas et al. 2017),
field of view, angular response and polarization (Carreño et
al., 2016) uniquely affect measurement outcomes and how
potential errors may be avoided or corrected for.
In addition, measurement accuracy is ultimately depen-
dent on regular and accurate calibration. Methodologies
which ensure the best transfer of calibration constants and
traceability to the reference laboratories, these being the
RBCC-E triad for total ozone, the World Ultra-Violet Cali-
bration Centre (WUVCC) and the Quality Assurance of so-
lar Spectral Ultraviolet irradiance Measurements carried out
in Europe (QASUME; Gröbner and Sperfeld, 2005) for the
UV measurements, either have been or are being developed.
Regular comparison with the Canadian Brewer Triad is also
maintained to ensure global compatibility of TOC measure-
ments (León-Luis et al., 2018). In order to ensure a traceable
laboratory characterization of the reference Brewer instru-
ments, the reference RBCC-E (Regional Brewer Calibration
Center for Europe) Brewer from the calibration triad from
the Spanish Meteorological Agency at Izaña and the trav-
elling reference Brewer #158 from the manufacturer Kipp
& Zonen were thoroughly characterized for temperature de-
pendency, wavelength bandwidth and stray light in 2016 and
2017 respectively on the frame of the ENV59 Traceability
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for atmospheric total column ozone (ATMOZ) project. The
instruments were characterized using a dedicated climate
chamber and tunable laser facilities at the National Metrol-
ogy Institutes. In the ATMOZ project, participants included
the metrology institutes of Finland, Czech Republic, Ger-
many, Netherlands and Switzerland. The temperature exper-
iment was performed by the Physikalisch-Technische Bun-
desanstalt, PTB (Germany) and Netherlands (VSL) National
Metrology Institute and the wavelength calibration was per-
formed at PTB (Redondas et al., 2018a). Filter and stray light
characterization were performed by Aalto (Finland) (Pulli et
al., 2018).
The results confirmed the existing understanding and cor-
rection of the temperature dependence of Brewer instruments
to properly estimate and to reduce the uncertainty of ozone
retrieval with Brewers (Redondas et al., 2016; Berjón et al.,
2017). Also a preliminary error estimation was developed
(Egli et al., 2016) with the objective to implement on the Eu-
brewnet database.
3 Central data processing
For each ozone value five quasi-simultaneous observa-
tions are made. Each observation consists of 20 cycles of
quasi-simultaneous measurements of intensity at five UV-
wavelengths by fast switching of the spectrometer exit slit
mask. Wavelengths are instrument specific but nominally
306.3, 310.1, 313.5, 316.8 and 320.1 nm. Intensities are writ-
ten to a raw file for further processing. Raw data are trans-
ferred automatically every 30 min from each Brewer on the
network to the new EuBrewNet database, hosted by the
Agencia Estatal Meteorologia (AEMET).
The algorithm to retrieve TOC from individual observa-
tions is based on differential absorption of ozone at the mea-
sured wavelengths and has been described several times (De
Backer and De Muer, 1991; Savastiouk and McElroy, 2005).
A simplified description is given here in order to illustrate the
improvements implemented through EuBrewNet.
A weighted double ratio, R6(O3), of the measured intensi-
ties is calculated and compared to the similar extra-terrestrial
double ratio, ETC0, determined by transfer from a travel-
ling reference instrument. The weighting coefficients are de-
signed to minimize the effects of aerosols and SO2 spectral
absorption. A differential absorption coefficient, α, corre-
sponding to this ratio, is calculated from ozone absorption
cross sections convoluted with the slit functions at the mea-
surement wavelengths and is used to transform this differ-
ence into total ozone on the light path or slant column. To
get the vertical total ozone column, O30, the value is further
divided by air mass factor µ (Eq. 1).
O30 = R6(O3)−ETC0
µα
(1)
The next step is to apply corrections to the level 0 data,
O30, based on the instrument characterization where avail-
able. A current controlled halogen lamp located inside the
Brewer is used to track instrument response stability. Mea-
surements of the lamp to produce a similar weighted double
ratio, R6(SL), are compared to a reference, R6ref, taken at the
time of calibration and used to apply a correction 1SL to the
measured ozone data (Eq. 2).
1SL = R6ref−R6(SL)
µα
(2)
A series of neutral density filters are present in the input
optics of the Brewer and these are characterized for non-
linearities, ETCN, by observing changes in instrument re-
sponse via the calculated ratio, R6(SL), as filters are changed,
so that a filter dependent correction, 1Filter can also be ap-
plied (Eq. 3).
1Filter = ETCN
µα
(3)
Finally, a stray light correction is applied to the single
Brewers where this has been characterized. The characteri-
zation is based on an exponential fit between single and dou-
ble Brewer measurements (Karppinen et al., 2015; Redondas
et al., 2018b; Redondas et al., 2018b). The correction is an
iterative process resulting in bringing the single Brewer val-
ues into agreement with the double Brewers, as shown in the
example of Fig. 1, even at low solar elevation angles (Eq. 4).
N in Eq. (4) is the iteration index, where the first iteration is
performed on the uncorrected ozone value and the corrected
value is then inserted back into the equationN times until the
result converges.
1Straylight,N = A · (µO3,N−1)
B
µα
(4)
The constants A and B are determined during the char-
acterization process. The resulting ozone value is given by
combining Eqs. (1)–(4).
O3 = O30+1O3SL−1O3Filter−1O3Straylight (5)
Finally the data are filtered to select only those measure-
ments that conform as follows: for the ozone product, the
standard deviation of the five quasi-simultaneous ozone mea-
surements must be less than 2.5 Dobson units (DU), the air
mass factor must be less than 3.5 (this can be set higher for
MKIII double Brewers or where stray light correction has
been applied), there must be a valid mercury lamp wave-
length calibration before and after the measurement such that
the difference between the two does not exceed three steps of
the spectrometer micrometre drive (∼ 0.02 nm) and the mea-
sured ozone value must be between 100 DU and 500 DU (al-
though this may be edited by the data provider if necessary,
e.g. 600 DU may sometimes be observed in Sodankylä). The
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Figure 1. A comparison of a single Brewer, #070, with the RBCC-
E reference Brewer, #185, showing stray light correction. The blue
and red lines are the initial ozone deviation of #070 from the ref-
erence, before and after calibration. The black line shows the stray
light corrected values.
AOD-UV data product is described elsewhere (López-Solano
et al., 2018) and will be implemented within EuBrewNet
in the coming months. Similarly, work is underway to de-
velop the calibration protocols and processing for the UV
data (Lakkala et al., 2016).
4 The EuBrewNet near real time database
Figure 2 is a recent snapshot of the EuBrewNet network
which is constantly growing. A real time updated version
can be found at http://rbcce.aemet.es/eubrewnet (last access:
10 July 2018). The core of EuBrewNet is a data storage and
scientific information processing system for the Brewer spec-
trophotometers (http://rbcce.aemet.es/eubrewnet) to which
the Brewer raw data are automatically transferred on a half-
hourly basis. The data are then processed in near real time
(NRT) as described above in Sect. 3. A schematic of the data
stream and processing is shown in Fig. 3.
The calibration and characterization data for each instru-
ment must also be stored in the database which will then al-
low the raw data to be converted into data products in near
real time (NRT). The raw data are also uploaded to WOUDC
for long term data archiving and back up. The output of
ozone products is now operational and these are accessible
from the EuBrewNet database. A similar methodology is be-
ing developed for the Brewer UV and aerosol optical depth
products which should be available in the near future.
The data products are produced at different levels.
– Level 0. Raw data from the Brewer. This is the unpro-
cessed data that is only available to the providing oper-
ator so that appropriate diagnostic checks can be made
to check data on a regular basis.
– Level 1.0. Basic values from calibration data calculated
using Eq. (1). This is the most basic ozone product,
without any QA or corrections applied, equivalent to the
calculation made by the Brewer control software on site.
This enables a comparison to be made to check that the
correct calibration data are being used.
– Level 1.5. NRT data changeable over the first week.
Calibration and characteristic corrections applied as in
Eqs. (2)–(5). This is the first data product available to
the registered users. The data are passed through a se-
ries of filters, and corrections are applied based on the
instrument characterization and the stability checks by
the internal standard lamp. The standard lamp correc-
tion is applied using a triangular weighted smoothing
3 days before and after the day of the measurement. This
means that L1.5 data can change as more QA informa-
tion becomes available. This NRT data are most useful
for assimilation into forecast models.
– Level 1.6. Interim data with calibration and characteris-
tic corrections applied. Available to users, this is simply
L1.5 data once the standard lamp correction has been
fully applied and the value is now stable. This data are
most useful for the interim values normally used for day
to day reporting.
– Level 2.0. This is the final processed data for archiving,
interpolated over a calibration cycle and also available
to users. To comply with WMO best practice, Brewers
should be calibrated every 2 years. The procedure is to
first check the status of the calibration, second to do any
maintenance and lastly to set the final calibration. If the
initial status of the calibration does not agree with the
final calibration of the previous intercomparison, this
indicates instrument drift and the ozone values must be
re-calculated based on the interpolation between the two
points. The resulting L2 data are the highest quality that
can then be archived and used for trend analysis.
In addition to levels, the database also stores multiple ver-
sions, each containing its own levels as described above.
For example, Version 1 contains ozone data using Bass and
Paur ozone cross sections. However, the International Ozone
Commission recently wrote to the WMO SAG-Ozone di-
recting them to implement the new Bremen cross sections,
and also to take stratospheric temperature into account. Eu-
BrewNet makes this easy by re-processing all the data in the
data base using the new cross sections and storing it as Ver-
sion 2, also retaining Version 1, in parallel, for the histori-
cal record. A study on the effects of using different ozone
cross sections has been carried out previously (Redondas et
al., 2014a).
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Figure 2. A snapshot of the Brewer stations contributing to EuBrewNet (10 July 2018).
The idea is that all these data products will be available
directly via a link with the WOUDC so that users do not
need to go to a different data base. However, this link is still
under construction under the supervision of a sub-group of
the WMO SAG-Ozone. For the moment, users may register
to access data at http://rbcce.aemet.es/eubrewnet, which in-
cludes a wiki that contains information about the system and
user support (Redondas et al., 2018c), and further informa-
tion including instructions on how to contribute to the net-
work can be found at http://www.eubrewnet.org (last access:
10 July 2018).
5 Regional Calibration Centre for Europe (RBCC-E)
The RBCC-E campaigns and regular calibration play an im-
portant role on the final data (Level 2), as is indicated in
Eq. (2), the operative ozone is corrected by the standard
lamp, the standard lamp reference value is provided dur-
ing the calibration and examined during the intercomparison
campaign (Redondas et al., 2018b). The previous calibration
and new calibration are compared with and without the stan-
dard lamp correction to assure that the internal standard lamp
is tracking the changes on calibration.
As a result of the calibration the validity of the current cal-
ibration is examined during the campaign and if a new cal-
ibration is provided, the history of the instrument is studied
to determine from when the observations have to be repro-
cessed using a step function or if the changes are continuous
and linear evolution of the instrument calibration are imple-
mented between calibrations. In both cases comparison with
Figure 3. Schematic of the EuBrewNet near real time database.
external instruments, neighbouring Brewer or satellite over-
pass measurements, will help to evaluate the application of
these functions.
The campaigns also help on the characterization of the in-
struments, the comparison with a well maintained and char-
acterized instrument reveals instrumental characteristics that
are difficult to detect at the station without a reference. In
particular the filter correction and the stray light (Fig. 1).
The introduction of the instrumental characterization
greatly improves the results of the TOC intercomparison (Re-
dondas and Rodriguez, 2012), in particular the stray light
correction application at the final calibration brings all the
instrument to within ±0.5 % (Redondas et al., 2018b) on the
full range. In the future it is hoped that similar achievements
can be made for the UV and AOD-UV products.
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6 Conclusions
COST Action ES1207, “EuBrewNet – A European Brewer
Network”, was awarded to allow the harmonization and coor-
dination of Brewer ozone spectrophotometer measurements
of TOC, spectral UV and AOD-UV. New instrument char-
acterization methodologies have been implemented and cali-
bration campaigns have been carried out which use these new
methodologies to greatly improve the accuracy of the results.
Common data processing and quality assurance also now en-
sure consistency of measurements throughout the network.
A major part of EuBrewNet is the new NRT database,
which automatically collects raw data from the instruments
and applies the new data processing and quality assurance
centrally, thereby ensuring the consistency of the resulting
data products across the network. Currently, the TOC pro-
cessing is in operation and NRT data are available to regis-
tered users. The AOD-UV processing algorithms have been
developed but are yet to be implemented. Similarly the UV
processing is still under development but should be imple-
mented in the early part of 2018.
A link to the WOUDC is currently under construction so
that data will be available through a portal at the WOUDC
web site. The Brewer raw data are also transferred to the
WOUDC for long term archiving. Governance of the Eu-
BrewNet is to be overseen by the WMO SAG Ozone.
Further details of EuBrewNet and registration for data are
available at the web site http://www.eubrewnet.org and more
specific technical details are available from the EuBrewNet
wiki at http://rbcce.aemet.es/dokuwiki/doku.php (last access:
10 July 2018).
Data availability. The observations, model and programming
codes used on EUBREWNET are available at the EUBREWNET
website (http://eubrewnet.org/).
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